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DETERMINATION OF PLATE COMPRESSNE STRENGTHS AT ELEVATED TEMPERATURES
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SUMMARY

T%e results of local-instability test~ of II-section plate as-
.wnblies and compressiw stress-strain tests of extruded 755’-T6
aluminum alloyj obtained to determine j?at-plate conapremice
.Wrer@hs under stabilized elerated-t~mpera.tu.r.econditions, are
gnkenfor temperatures up to 600° l?. T%e results show that
methods arailable for calculating the critical compressive stress
at room temperature can also be used at elerated temperatures if
the applicable com.pressi~lestress-strain curve for the materiul
is gicen..

INTRODUCTION

The strength of aircraft materiak and structures at
eIevated temperatures is a question of increasing intwest
because of the trend toward high aircraft speeds at which
aerodymmic heating (see reference 1) must be considered.
At the present- time, however, drnost no information is
wvaiIabIe on the efiects of eIev~ted temperatures on the
compressive strength of aircra.ft structural elements, such as
columns or plates, or on the compressive properties of
ma.teriak.

The results of a recent experimental investigation to
determine the plate compressive strength of various aircraft
structural materiaIs at room temperature (see summary
paper, reference 2) showed that hhe se.oant modulus, ob-
tained from the compressive stress-strain curve for the
material, could be used to calculate approximately the
crit,icd compressive stress of a pl’ate. A more recent
theoretical approach (reference 3) corroborated these results
W.KIprovided a basis for a.more acc.urate ccdcula-tionof plate
buckIing by trdiing into account plate-eclge conditions.

In order to ascertain whether methods adequate at room
temperature for determiningg plate compressive strengths
could be used at ele-rated temperatures, Iocal-insta.bihty
tests were made of extruded H-sections of 75S-T6 aluminum
alloy at stabilized temperatures up to 600° F. This report
presents the results of these tests and shows that the critical
compressive stress ai elevatecl temperatures may be cle-
termined from the applicable compressive st.ress-stza.in
curve for the material.

METHODS OF TESTING AND AN.ALYSIS

Test specimens -were mad; from three speciaI H-section
extrusions of 75S-T6 aknhmm alloy having the cross section
illustrated in figure 4 of reference 2. AU tests mere made in
hydraulic-t~e testing machines accurate -within three-
fourths of I percent.

Compressive stress-strain tests.—The small furnace usecl
in making the compressive stress-strain tests at elevated
temperatures is shown in figure 1 together with the com-
pression fixture and difl’erentiaI-transformer extensometer.
The fixture utilized grooved plates for supporting a single-
t-hic-~essspecimen 2.52 inches long and 1.00 inch wide. Gen-
eral”principles and the technique described in reference 4
were foIIowed in regard to t-he design and operation of the
fi.ture. An essential modification was a. protision for
mounting individual thermocouples at top, middle, and
bottom positions on one of the side faces of the specimen.

The stress-straintestswere made under stabilized eleva.ted-
temperature conditions. Esposure times tended to vary at -
the begiqning of the investigation from about 30 to 60
minutes because of the diflkulty experienced at. the higher
temperatures in obtaining stabilized temperature conditions
for short time exposures* After installation of ram heaters,
satisfactory stabilized temperakure conditions could readily

FIG= l.—Eqnfpment for cornpressire stress-slrah tests at elevated temperatures.
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be achieved in 40 minutes. hbitrary strain rates of 0.002
and 0.004 per minute were used. In order to eliminate as
much as possible the effects of lateral pressure from the sup-
porting plates on the specimen, the support pressure was
kept at a minimum, (See reference 4 for the technique in
using compression fixtures.] The results of a few tests at
400° F in which the pressure was arbitrarily increased did
not indicate any appreciable effects on either the compressive
yield stress or the modulus of elasticity.

A special extensometer (see fig. 1) was required for measur-
ing the strain over a l-inch gage length on the specimen. A
rod and tube assembly carried the relative movement of two
sets of gage points below the furnace to two differential
transformers, one of which can be seen in figuro 1. Both
load and strain were recorded a.utographically.

Voltage controI of three horizontal banks of strip heaters
in the furnace, and of both the top and bottom ram heaters,
resndtedin satisfactory temperature control. The maximum
variation of temperature along the length of the specimen
could be readily kept within 10 or- 20 F. A controIIer,
operated from a thermocouple on the fixture, was used for
temperature control. Specimen, air, fixture, and ram tem-
peratures were recorded.

Local-instability tests.—The pIate compressive strength
was determined from tests of exfirudcdH-section pIate assem-

blies so proportioned that the plate elements failed by Iocal
instability. The method of testing was similar to that
described in reference 2 except for modifications necessary
for tests at eIevated temperatures.~

The three-section furnace, designed to accommodate
various lengths of specimens, is shown in figure 2, together
with the temperature control and recording equipment.
The large furnace section had three horizontal banks of
strip heaters and each small unit had one bank. -Proper
temperature distribution was obtained through voltage con-
trol in each bank or set of banks of strip heaters M desired,
as well as by individual control of the top and bottom ram
heaters.

In order to detect bucklhg, the lateral displacement of the
flange of the H-section was transferred to a diflerential-
transformer gage beIow the furnace by means of a rigid-lever
system (see fig. 3). Both the load and lateral ,disphce-rnent
were recorded ahtographically. The Iocal-instability tests.
were made under stabilized temperature conditions compa-
rable to those used in making the compressive stress-strain
tests and were made at the same strain rates of 0.002 and
0.004 per minute and an exposure time averaging about 40
minutes.

Analysis of the compressive properties,-hsrnuch as the
compressive yield stress for extruded H-sections of 75S-T6
aluminum alloy tends to vary over the cross section (see fig.
3 of reference 2), a representative stress-strain curve appli-
cable to the entire cross section is needed for correlation with
the local-instability test results. The method used herein
for obtaining a representative stress-strain curve for each

.,

FIGURE2.—Equipment for pl:itc-buclding tests at clevntcd tcmpcmturm.
..

FIGURE3.—PlW-buck1iug clctcctiou oquipmcut.

extrusion is based on the assumptions that vtdues of the
compressive yield stress U.U(O.2percent offset) for the flange
and web material apply to the entire width of thosercspcctivc
eIementsand that a representative value for the cross section
can be had by ca.IcUMng an average from the values of UCY
for the flange and web weighted by taking into account the
areas of these elements. A representative stress-straincurve
having this calculated value of UCVwas then constructed from
the available stress-straincurves for the extmsion. Avcmgc
stress-strain curves for each temperature and strain rate
were then determined from the representative curves for the
three extrusions.

Analysis of local-instability tests,—At room temperature,
the critical compressive stress a., for H-section plate assem-
blies may be calculated from the modifiecl plate-buckling
equation

JCWIT2TEtlv2
‘“= 1’2(1–J)b;x (1)
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IrJequation (1), kr is a nondimensional coe5cient dependent
upon plate proportions and edge conditions to be used with
t~ and i5rthe thickness anclwidth of the -webof the H-section
(wdues of kr m-e given in reference 5, and the method of
dimensioning is shown in fig. 4 of reference 2), P is Poisson’s
ratio, E’ is Young’s modulus, and ~ is a coefficient which is
a measure of the reduced pIate modulus @’. (For stresses
in the eIMtic range, ~= 1; -whereas,above the elastic range,
T<l.)

As in reference 2, the local-instability test results are
herein correIat.ed tith the compressive stress-strain curie
by pIotting the experimental values of a,, against the calcu-
lated elastic critical compressive strain + given by

k~tw’
“’=12(1-J)z#

(2)

Equation (2) is deri~ed from equation (1) by setting II= 1
and dividing both sides by l?.

Ih the course of this investigation a consistent lack of
correlation was found at ele~ated temperatures in the elastic
range when ~ was taken as 0.33, the room-temperature -raIue
for 75s-T6 ahnninum alloy. When P was arbitrarily in-
creased -with increasing temperatures, howeyer, a satis-
factory correlation was obtained in the eIastic range. The
assumed values of p, referred to again in the section entitIed
“Results,” -werethen used in equation (2). ‘his procedure
was necessary because no direct evaluation of the -rariation
of P with temperature -was available.

RESULTS

The test results are sumcna.rizeclin table 1 ancl figures 4
to 9.
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Compressive stress-strain tests.—ATerage compressive
stress-strain curves, together vrith upper-Iimit and Io-iver-
Iimit representative curves for t-hethree 75~T6 aluminum-
aHoy H-section extrusions, are shown in figure 4 for strain
rates of 0.002 and 0.004 per minute and at room temperature
(RT), 200° F, 400° F, and 600° F. From these a~erage
curves, the variation of the secant modulus ES,Cand tangent
moclulus~~.n-withstressand temperature is shown in figure 5
for con~enience in analyzing plasticity effects.

The ratio of the yield stress at a given temperature to
that at room temperature for both t-he compressive yield
stress U.yand the tensiIe yieId stress U~Uis plotted against
temperature in figure 6. Data for u,, were taken from
reference 6. The fact that the ratio for acv varies with
temperature in about the same manner as that for aj~ sug-
gests that values of U.v at elevated temperatures may
possibly be estimated from the more frequently available
clata for rty at elevated temperatures.

The variations of Young’s moduhs -E and Poisson’s
ratio p -with temperature are shown in figure 7. Values of
p shown -ivereobtained indirectly as mentioned previously
and, while they appear reasonable, should be regarded only
as approximate. For comparati~e purposes, the variation
of 1? with temperature obtained from tensiIe tests of a num-
ber of cast aluminum alIoys (reference 7) is also shown ti
figure 7. Here the lack of agreement between the results
in tension and compression is marked. Differences between
such results for cast and extruded aluminum alloys, however,
are probably to be expected.

k order to show t-heeffect of different time exposures at
a given temperature, a few tests were made for exposure
times ranging from Jihour to 2 hours at 400° F (see fig. 8).

TABLE 1

LOCML-IWT.ABILITI- TEST RESULTS FOR EXTRUDED 75S–T6 ALU311NG31-ALLOY E-SECTJ.ONS

c& ~’:yy Strain rate ~xpos~e Po~on’s Em L7.,%6
unm

:&?,
(perrein] tune (mm) (GW) (G% ru.Umos~F) O@

.S=[U.S

(“) (b)
. — — .— ———

1 201 0.002 32 0.33 0.C0213 21,410 44, 2W 0:fss i3,000 0.294
205 .C04 40 .33 -oo~~

:
21,64)0 44,m i3,soo .2g~

20Q .002 .33 .0336! 36,650 50,Ooil .734
4 2(-JZ

71,300 .51-I
.004 # .33 ;g3; 37,250 50,200 .742 io. 600 .52i

5 21M .002 40 .33 60,25J0 61,200 74200 .8!2
6 201 .004 33 .33 .Ocmo 60,400 61.KN :E 74,2Q0 .814
7 m .m 35 .33 .00975 71,400 7Z 3C+I .9$i 74.203 .962
8 19s .0Q4 35 .33 .00969 n, 900 ,n9cQ .9S7 74,2041 .968

400 .C02 45 .40 .00226 ls,m x+ioo .no .442
1! 400 .(04 40 .’40 .00226 1S,i(H3 27, 6CQ .6i3 Wt .432
11 .mi .0)2 al .40 ;13M& 30,Too 31,ioo .964 39.900 .770
12 405 .Ow 35 .40 - 31,100 33.300 .935 43.800
r3

.710
400 -13132 50 .40 .Ooiim 39,900 40,800 .9i6 43,000 .92s

14 399 .004 40 .-IO .1)~~ 41,700 4%‘oil .988 43,10Q .966
404 .002 35 .40 .00s17 40,m 41,100 .9ia 43,Cuo .935

E 405 .004 34 .40 .OW20 q 900 43,3CCI .990 43-,10Q .994

Ii 611 .oo~ 72 .47 .0023i
M

5,360 5,450 .9s3
W14 .004 60 .47

&650 ;%
.00237 6,160 &270 .9s2 7,0s0

595 .002 52 .47 .00391 6,390 6,4s0 .9s5
:

6,7541 .945
600 .OLM 54 .47 .06m 6,620 6,960 .9s0 7,.3io .925

21 599 .002 .47 .C4U07 6,5s0 &670 .9S6 6,750 .975
.004 % .47 .0040s 6,940

;
7,340 .W6

w
i. 370 .940

.002 55 .47 .00417 &240 tj 390 .9ii 6,750
24

.9X
599 .OIM 54 .47 .0+)+15 7,210
60!

1,220 .99s 7,370 .9is -
.002 60 .47 .Ooiol 66S0 6,Sso .9i2 6,430 L M

Ffi .OIM 64 .47 .00704 7; 310 7,5s0 .955 7,030 L 032
27 E .002 50 .47 . LW71O 6,760
26

6,g~ .9ii 6,430 1.051
597 .w- 54 .47 .00710 7,470 i, 620 -gg~ 7,0s0 1.055
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FIGTJRE4.—CorreIation or plate-compressive-bucliling-test results with average rnmp~ssive stress-stmin curves for extruded 75$-TG aluminum-alloy H-.wctious ~t clctwtcd tempcwdurce.
(I?or plate tests, critical compressive strcee is plotted against calculated elestic critiml compressive strein.)
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FIGURE5.—VsriutIon of the swant and tangent rnodrdi wftb stress u for the average etress-
stratn curves 0[ figure 4 for elevated temperatures.

For the average qiposure time for all the tests (4o rein),

a fairly rapid change of UCVis indicated at 400° F. At other
temperatures, however, the effect of .varia.tionin exposure
time is probably somewhat less (see fig. 5-13 of reference 6).

Local-instability tests.—The correIat.ion of the critical
. compressive stress a,, (when plotted against the c.ftlcu]atccl
elastic critical compressive strain e,r, equation (2)) with tho
average compressive stress%train curves is shown in figure 4 ‘
for 200” F’, 400° F, and 600° F. At elevated tcmpcm.turcs,
good agreement ie indicated for a,, in the elastic range; but
in the plastic range, uC~tends to falI slightly below the strcss-
strain curves as was the case at room temperatures for !
75S-T6 aluminum aIIoy as well ,as other ma.terids (see fig. 5
of reference 2). The effective modulus @is thweforc only
slightly less than the secant modulus which woulcl apply
if the data would pIot. exactly along the stress-strain curve.

The same relationship existsbetween aC,,the average stress ‘
at maximum load 7~a=,amd the compressive yieId stress UCM
at elevated temperatures as existed at room. tempcwdwre

(see fig. 9). For stressesgreater than about ~ r,,, wducs of

tirn~xare only shghtIy greater than a~~;but for stresses less
“ 3

than about ~ acy,values of ~~a=become appreciably greatw

than a,, as a,, is reduced.

For a given value.of e,,, the values of a,, and ~,nazarc some- I
what greater for the higher strain rnte (O.004 per rein) thrm
for the lower (0.002 per rein), although the effect of the vmia- ‘“
tion in strain rate was not appreciable for these Iow strain
rates exc~pt perhaps at 400° F (see figs. 4 and 9), The :
increasein UC,with strain rates corresponds approxinmtely
to the increase in stress obtained for the corresponding i
compressive stress-strain curves (see fig. 4).
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CONCLUSIONS

The results of the.Iocal-instability tests of extruded H-
sections of 75$–T6 aluminum alloy warrant the folIowing
conclusions regarding the determination of compr&sive
strengths of flat plates or plate assembliesof various materials
“at elevated temperatures:

1. The critical compressive stress IJ,,for H-section plate
assemblies of extruded 75$-T6 aluminum aIIoy may be de-
temined approximately at elevated temp”iraturesas well as
at room temperature by the use of the compressive stress-
strain curve for the material for the desired temperature,
strain rate, and exposure time. At elevated temperatures,
the secant-modulus method is slightly unconservative in the
plastic region as was found to be the case at room temper-
ature for this material

2. Approximately the same relationship exists between
~,,, the average stress at maximum Ioad ti~.~,and the comp-
ressive yield stress g,~ at elevated temperatures as at room
temperature for H-section plate assemblies. For a,, above
.
is
4 CCV,values of ;~ti~are only slightly greater than a~,;-where-

as, for u,, below ~ uCV,values of ;~az may be appreciably

greater than uc~.
3. In view of the consistent generaI relationship previously

found at room temperature between the H-section plate-
assembly test results for the critical compressive stress aC7
and the compressive stress-strain curve for a number of
materials, and the fact that thk relationship now appears to
be valid at elevated as well as at room temperatures, it is

reae,onabIeto expect that U,rmay be appro.ximateIy deter-
mined at elevated temperatures for individual pIotes ancl
various plate assemblies by methods which me satisfactory
at room temperatures, provided that the compressive stress-
strain curve for the material at the desired temperature,
strain rate, and exposure time is given,

LANGLEY AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLIIY AIR FORCE BASE, VA., December 6, 19.J/8.
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